ABSTRACT This study aimed to evaluate the effect of photoperiod on growth performance and bone development in layer ducks during the pullet phase. A total of 480 11-wk-old Jinding layer ducks were randomly divided into 5 groups, receiving 6L (light): 18D (dark), 8L: 16D, 10L: 14D, 12L: 12D, 14L: 10D, respectively. Each group had 6 replicates of 16 birds each. The feeding trial lasted 80 d until 150 d of age. The results showed that 8L: 16D increased body weight (BW) and average daily gain (ADG; P < 0.05) compared with 6L:18D, whereas average daily feed intake, feed conversion ratio, and mortality rate had no difference among all treatments (P > 0.05). The midpoint perimeter (tibia and femur) and work to fracture (Wu; tibia) increased quadratically (P < 0.05), in response to photoperiod increment. Compared with 6L:18D, 8L:16D had higher tibia midpoint perimeter, ultimate load (Fu), and cortical cross-sectional area (P < 0.05), accompanied with higher content of total Ca, distal bone mineral content (BMC), and cortical volumetric BMC (vBMC; P < 0.05). A linear increase was observed in trabecular volumetric bone mineral density (vBMD) and vBMC (tibia and femur), elastic energy (femur), work to fracture Wu and young modulus of elasticity E (tibia) in response to photoperiod increase (P < 0.05), and treatment with 14L:10D had higher ultimate load Fu and total Ca of tibia (P < 0.05). Besides, estradiol and testosterone levels (serum), estrogen receptor gene mRNA expression (bone tissue), alkaline phosphatase and tartrate-resistant acid phosphatase activities, transforming growth factor-β, osteocalcin and tumor necrosis factor-α contents increased in ≥12 h photoperiods (P < 0.05). In summary, appropriate photoperiod increased BW, ADG, cortical bone generation, and bone mineralization, whereas only medullary bone formation increased with photoperiods. These results suggest that 8L:16D could be an adequate photoperiod for layer ducks' growth and bone development during the pullet phase.
INTRODUCTION
Layer duck production is extensive in China, and it supplies approximately 15% of all eggs for human consumption in 2009 (Pingel, 2011) . Photoperiod is a critical environmental factor in poultry industry, which has biological and physiological significance via the regulation of circadian rhythms, providing time for rest and regeneration (Zawilska et al., 2006 (Zawilska et al., , 2007 Malleau et al., 2007) . Besides, photoperiod affects poultry production, including growth and feed efficiency (Schwean-Lardner et al., 2012a; Vermette et al., 2016a) . It also affects bird welfare, health, and behavior (Schwean-Lardner et al., 2012b; Vermette et al., 2016b) . However, there is no consistent photoperiod for layer ducks in practi-cal production. Therefore, more work is needed to investigate the effect of photoperiod on growth performance of layer ducks, and further determine the optimal photoperiod.
Skeletal problems are important welfare, health, and economic issues in poultry industry. One of the major skeletal problems in poultry is structural bone loss related to osteoporosis (Kim et al., 2007) , which can cause a high incidence of fractures at various sites of the skeleton, with an average of 34% of processed birds exhibiting freshly broken bones (Whitehead and Fleming, 2000) . Furthermore, structural bone loss and the development of osteoporosis may be related to the calcium source supply for eggshell formation (Cransberg et al., 2001) , which makes bone quality especially important for laying birds. Superior bone quality at the end of laying can be attributed to 2 factors: greater structural bone formation during the pullet phase and less bone loss during the laying period (Whitehead, 2004) . Therefore, achieving greater peak bone mass during pullet phase is crucial to bone health in the whole production period, which has become a hot topic in laying poultry industry. Photoperiod can affect bone mass mainly through the following mechanisms: animal locomotion increases during light period, which is known to promote bone development through increasing mechanical strain on bone (van der Pol et al., 2015; Casey-Trott et al., 2017b) ; melatonin releases during the dark period, which is supposed to promote bone development throughout life directly (Cardinali et al., 2003) and regulate the release of other factors and hormones involved in bone development indirectly (Ostrowska et al., 2002) ; long light will decrease birds mobility because of losing rejuvenation and sleep deprivation, a state that some birds will be resting while others will be feeding or walking, and disrupting the sleep of others (Vermette et al., 2016b) , and result in a inferior bone quality. However, there were a few studies concerning the effect of photoperiod on bone development. Moreover, these limited reports focused on long photoperiods, whereas short photoperiods were supposed to be beneficial (Schwean-Lardner et al., 2012b , 2013 , 2014 . Therefore, the effect of extended photoperiods on bone quality will be evaluated in this study, and appropriate photoperiod is expected to obtain for bone development of layer ducks during the pullet phase.
Increasing photoperiod is an easily implemented strategy to induce sexual maturity and initiation of laying (Silversides et al., 2006) . Meanwhile, sexual maturity of laying birds was supposed to be the cease of structural bone deposition (Whitehead and Fleming, 2000) and the onset of medullary bone formation (Silversides et al., 2006) . In this situation, exposure in long photoperiod would be likely to affect bone structure development during the pullet phase. However, reports in this aspect are scarce up to now. Therefore, more work is needed to examine how long photoperiod influences bone growth and development, especially under the attraction of laying forward. The aim of this study is to evaluate the effects of different photoperiods on growth performance and bone development, and an adequate photoperiod is expected to obtain for Jinding layer ducks during the pullet phase.
MATERIALS AND METHODS

Birds, Treatments, and Husbandry
All experimental protocols were approved by Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. A total of 480 11-wk-old Jinding layer ducks were obtained from natural light, then randomly divided into 5 groups and fed a corn-soybean meal diet, according to Gao et al. (2010) , for 2 wk before the formal experiment. Each group had 6 replicates with 16 birds as a replicate. Each replicate was raised in individual rooms (200 × 90 × 60 cm; length × width × height), with automatically controlled light time, adjustable light intensity, ventilation, and temperature. Ducks received 5 lighting programs, which were 6L (light): 18D (dark), 8L: 16D, 10L: 14D, 12L: 12D, 14L: 10D, respectively, from 11 wk to 150 d of age. The beginning times of these 5 photoperiods were 9:00, 8:00, 7:00, 6:00, and 5:00 am, respectively, whereas the ending times were 3:00, 4:00, 5:00, 6:00, and 7:00 pm, respectively. During the light period, all ducks received light-emitting diode light with an average intensity of 10 lx at eye level. Air quality was guaranteed by a programmed ventilation of the whole aviary, and timely cleaning litter (twice a day). Diets (in pellet form) and water were supplied ad libitum.
Growth Performance and Bone Sample Collection
Body weight (BW) was recorded at the beginning and end of the formal experiment. Feed intake was recorded every week. Average daily gain (ADG), average daily feed intake (ADFI), feed conversion ratio (FCR; feed: gain, both in grams), and mortality were calculated. At the end of trial, 24 birds from each group were randomly selected (4 birds per replicate at average BW) for slaughter. Then, the femur and tibia from each bird, both right and left, were immediately dissected and cleaned from the remnants of adherent tissues. Among them, the right femur and tibia from 2 birds per replicate were packed with a silver paper, immediately frozen in liquid nitrogen and then stored at -80
• C. Other samples were frozen at -20 • C for subsequent analysis.
Bone Basic Characteristics and Strength Analysis
Basic characteristics of left femora and tibia from 2 birds per replicate were measured and recorded. The bone sample was weighted and recorded (W). Then, it was put into a graduated cylinder having some water. The initial (V1) and final volumes (V2) were recorded, and the volume of bone was calculated as (V) = V2 -V1. The density was calculated as follows: W/V. Moreover, bone index was calculated and expressed as a ratio of the bone weight and body weight.
After basic characteristics analysis, these bones were subjected to strength tests, whereas the right bones (from the sample duck) for geometry and ash content measurements. After thawing overnight at room temperature, 3-point bending test of bone mid-diaphysis was performed on a testing machine (TMS-Pro, Food Technology Ltd., SV) equipped with an interchangeable load cell (model ILC-S, range of forces from 0 to 1,000 N), for bone mechanical properties assay. The distances (L) between 2 rounded support bars were 3 cm for tibia and 7 cm for femur. The load was applied in the anterior-posterior (A-P) plane of bone at a displacement rate of 2 mm min −1 until fracture (Brzóska et al., 2005) .
Bone Mechanical Traits
Based on the load-displacement curves, the following bone mechanical traits were determined: yield load (Fy; maximal force under elastic (reversible) deformation of bone), displacement at yield (d-Fy), ultimate load (Fu; the force at bone fracture), displacement at fracture (d-Fu), stiffness (S; the slope of the elastic part of load-displacement curve, describing the bone resistance to deformation), elastic energy (Wy; the energy absorbed by bone in elastic deformation), work to fracture (Wu; total work done to break the bone or total energy absorbed by bone until fracture). The latter 2 were determined by calculating the areas under the force-displacement curve prior to yield load Fy and ultimate load Fu, respectively.
Bone Geometric Properties
Bone was cut at midpoint carefully using a precision saw. The horizontal (medial-lateral, M-L plane) external and internal cortical bone diameter (H and h, respectively) as well as the vertical (anterior-posterior, A-P plane) external and internal cortical bone diameter (B and b, respectively) of the mid-diaphyseal crosssection were measured using a digital caliper. On the basis of these results, the following geometric properties were calculated: the mean relative wall thickness (MRWT), the mean cortical index (MCI), and the cortical cross-sectional area (A). Moreover, as bone was loaded in the A-P plane, the second (cross-sectional) moment of inertia (Ix) and radius of gyration (Rg) about medial-lateral (M-L) axis could be calculated. Although the second moment of inertia Ix is not a direct bone geometric trait, it is a critical property in terms of bone bending rigidity evaluation (Regmi et al., 2016) . They are given by following equations (Brzóska et al., 2005; Muszyński et al., 2017) :
The samples were collected for the subsequent analysis of bone ash, Ca, and P contents.
Bone Material Properties
Based on geometric (Ix, B, L) and mechanical traits (Fy, Fu, d-Fy, d-Fu, S) , material properties of the middiaphyseal fragment (tibia and femur) were calculated. These traits describe the intrinsic mechanical properties of midshaft cortical tissue and are independent of bone size and the conditions under which strength is tested. The young modulus of elasticity (E) describes the bending resistance of bone:
Besides, the elastic stress (σy) and ultimate stress (σu) were calculated according to the following formula:
where F equals Fy and Fu for elastic and ultimate stress, respectively. The elastic stress σy reflects the elastic strength of midshaft cortical bone, and the ultimate stress σu is the stress of midshaft cortical bone at fracture (Brzóska et al., 2005; Muszyński et al., 2017) .
Bone Ash, Ca, and P Contents
The percentage of ash was expressed relative to the fat-free dry bone weight. Flame atomic absorption spectrophotometry (Zeenit700P, Analytik Jena, Germany) was used to analyze the content of Ca, and a spectrophotometer (UV-2700, Shimadzu, Japan) was adopted to measure P content.
Bone Mineral Measurement
The right femur and tibia (from 1 bird per replicate) were subjected to bone mineral measurement using dual-energy x-ray absorptiometry (DEXA) system (DTX-200, Osteometer MediTech, Hawthorne, CA). Bone mineral density (BMD) and bone mineral content (BMC) were assayed separately at proximal, distal heads, and the mid-diaphyseal region. All the measurements were conducted by the same operator.
Quantitative Computed Tomography
The right femur and tibia (from 1 bird per replicate) were measured by quantitative computed tomography (QCT) for cortical and trabecular bone analysis (Casey-Trott et al., 2017a) , using a SkyScan micro CT scanner (SkyScan 1172 X-ray microtomograph, Antwerp, Belgium). Scan sites included the tibia and femur mid-diaphysis for volumetric bone mineral density (vBMD) of cortical bone, and metaphyseal for trabecular bone vBMD. The data were collected at 80 kVp and 112 μA at a resolution of 15 μm. Volumetric analysis was performed using Skyscan software. For cortical bone analysis at mid-diaphysis, 100 slices were used whereas 200 metaphyseal slices for trabecular bone.
Serum Hormone Analysis
At the end of 18, 19, 20, and 21 wk of age, after fasting 12 h, serum was collected between 11:00 and 12:00 am, and stored at -20
• C for subsequent analysis.
After thawing at 4
• C overnight, levels of estradiol and testosterone in serum were measured using ELISA kits for ducks (Shanghai Meilian Biological Technology Co., Ltd., Shanghai, China) following the manufacturer's instructions. In these kits, horse radish peroxidase was used to mark the second antibody and tetramethylbenzidine served as chromogenic reagent.
Quantification of Estradiol Receptor mRNA in Bone with Real-Time PCR
The right femur and tibia samples (from 2 ducks per replicate) were taken out from -80
• C and ground immediately in liquid nitrogen. Then, total RNA was extracted with the TRIzol reagent (TianGen Co., Beijing, China). During RNA precipitation of bone tissue, 0.25 mL isopropanol and 0.25 mL mixture of 0.8 mol/L sodium citrate and 1.2 mol/L NaCl per mL TRIzol Reagent were added to the solution for depositing RNA and maintaining proteoglycans in a soluble form. The yield of RNA was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and the integrity was evaluated using agarose-ethidium bromide electrophoresis.
Quantification was carried out with a 2-step reaction process: reverse transcription (RT) and PCR, according to the instructions for the FastQuant RT Kit (KR106, TianGen Co., Beijing, China). Each RT reaction consisted of 1 μg RNA. Real-time PCR was performed using a Light Cycler 480 Real-time PCR Instrument (Roche Diagnostics Ltd, Basel, Switzerland) with a 20 μL PCR reaction mixture that included 2 μL of cDNA, according to instructions of the SuperReal PreMix Plus kit (SYBR Green; KR106, TianGen Co., Beijing, China). Reactions of real-time quantitative PCR were conducted in duplicate in the Bio-Rad C1000 thermal cycler (CFX-96 real-time PCR detection systems; Bio-Rad). The protocol used was as follows: 95
• C for 15 min; 40 cycles of 95
• C for 10 s, 60
• C for 30 s. The relative mRNA expression levels were normalized to avian β-actin with the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ). Primer sequence: estrogen receptor (forward 5 -3 , TGGTGGGTTTGATGTGGAG, reverse 3 -5 , TCTTCTTGGACTTTCGTTGTC, EU014164.1, 247 bp), β-actin (forward 5 -3 , ATGTCGCCCTG-GATTTCGAG; reverse 3 -5 , CATGGGCCCGTAGC-GACTGT, EF667345.1, 282 bp; Song et al., 2009 ).
Bone Metabolism Related Enzymes and Factors
Commercial kits were used to assay the activities of alkaline phosphatase (ALP, Nanjing Jiancheng, Bioengineering Institute, Jiangsu, China) and tartrateresistant acid phosphatase (trACP, Shanghai Meilian Biological Technology Co., Ltd., Shanghai, China) in serum. The contents of bone metabolism related factors were measured using ELISA kits for ducks (Shanghai Meilian Biological Technology Co., Ltd), including transforming growth factor-β (TGF-β), insulinlike growth factor-I (IGF-I), osteocalcin (OC), tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6).
Statistical Analysis
All analyses were performed using SAS, version 9.2 (SAS Institute, 2001). The replicate (each replicate in 1 cage) was taken as an experimental unit for analysis of growth performance data. For bone parameters measurements, the mean of bones from 2 birds served as an experimental unit for statistical analysis, except for QCT and DEXA which used samples from 1 leg. The homogeneity of variances and normality of the data were tested first. Shapiro-Wilk test was used to analyze the normality. Then, data were analyzed using a 1-way ANOVA and means were compared using Duncan's multiple range test. The linear and quadratic effects of photoperiod were assessed using regression analysis. Arcsine transformation was used before mortality data statistical analysis. Differences were considered statistically significant at P ≤ 0.05. Data were expressed as mean and pooled SEM.
RESULTS
Growth Performance
The effect of photoperiod on growth performance of layer ducks is shown in Table 1 . Mortality rate, ADFI, and FCR were not affected by photoperiod during the whole period (P < 0.05), whereas higher BW and ADG were observed in 8L:16D than those in 6L:18D and 12L:12D photoperiod treatments (P > 0.05).
Bone Quality Characteristics
Tibia and femur quality traits, including basic, mechanical, geometric, and material characteristics, are detailed in Tables 2,3 ,4, and 5, respectively. Increment in photoperiod during pullet phase quadratically increased tibia and femur midpoint perimeters (P < 0.05), while linearly increased young modulus E of tibia (P < 0.05). Besides, elastic energy Wy (femur), distance at yield, and fracture (d-Fy and d-Fu; tibia) decreased linearly (P < 0.05), whereas work to fracture Wu (tibia) and distance at yield d-Fy (femur) decreased linearly and quadratically (P < 0.05), in response to the increase in photoperiod. Compared with 6L:18D treatment, in tibia, 8L:16D had higher midpoint perimeter, ultimate load Fu and cortical cross-sectional area A (P < 0.05), whereas 14L:10D had higher ultimate load Fu (P < 0.05). No changes were observed in other bone quality traits (P > 0.05), in response to different photoperiods. 
Bone Mineral Content
Changes in the total, cortical, and trabecular mineral contents of tibia and femur are listed in Tables 6,7 , and 8, respectively. Increment in photoperiod linearly and quadratically increased vBMD and vBMC of trabecular bone from both tibia and femur (P < 0.05). Compared with 6L:18D treatment, in tibia, 8L:16D had higher total Ca in ash, distal BMC, and cortical vBMC (P < 0.05), whereas 14L:10D had higher total Ca (P < 0.05). Besides, ≥10 h photoperiods increased trabecular vBMD and vBMC (P < 0.05) both in tibia and femur, compared with 6L:18D treatment, and highest values consistently occurred in 14L:10D treatment. No differences were observed in other bone mineral traits (P > 0.05) among all the treatments.
Hormone in Serum and Hormone Receptor Gene mRNA Expression in Bone Tissue
Levels of estradiol (18 and 19 wk of age; P ≤ 0.067) and testosterone (18, 19, 20, and 21 wk of age; P ≤ 0.061) increased linearly and quadratically in serum, in response to the increment in photoperiod (Table 9) . Compared with 6L:18D, treatments with ≥10 h light 1 day increased testosterone level at the end of 18 wk of age (P < 0.05), and estradiol level at the end of 18 and 19 wk of age (P < 0.05). The relative mRNA expressions of estrogen receptor gene in bone tissue were showed in Figure 1 . At 150 d of age, ≥10 h photoperiods upregulated estrogen receptor gene mRNA expressions (P < 0.05) in both tibia and femur, compared with 6L:18D group.
Bone Metabolism Related Enzymes and Factors in Serum
As shown in Figure 2A and B, at the end of 21 wk of age, higher ALP activity occurred in ≥12 h photoperiods (P < 0.05), whereas higher trACP activity in ≥10 h photoperiods, compared with 6L:18D group. No differences were observed among 5 groups at the end of 18, 19, and 20 wk of age (P > 0.05). However, treatments with increasing photoperiods numerically increased the activities of ALP and trACP at almost all the time points, except for 8L:16D (P > 0.05). The effects of photoperiod on bone metabolism related factors are illustrated in Figure 3A -F. Compared with 6L:18D, ≥ 8 h photoperiods had higher contents of OC at the end of 18 and 21 wk of age (P < 0.05); ≥12 photoperiods had higher contents of OC at the end of 19 wk of age (P < 0.05), as well as TGF-β at the end of 18 and 21 wk of age (P < 0.05). Besides, 14L:10D had higher contents of TNF-α (P < 0.05) at the end of 18, 20, and 21 wk of age, compared with 6L:18D. No changes were observed in contents of IGF-I, IL-1, and IL-6 (P > 0.05), in response to different photoperiods.
DISCUSSION
The potential benefits of photoperiod on poultry production have been previously reported, such as improving feed efficiency and growth performance in broilers (Lewis et al., 2004; Schwean-Lardner et al., 2012a) , turkeys (Vermette et al., 2016a) , and laying hens (Chen et al., 2007; Hester et al., 2011) . Moreover, relative short photoperiod was supposed to be beneficial for poultry growth and development mainly due to the increased darkness, which means better rejuvenation and sleep, and thus a better mobility (Schwean-Lardner , 2013, 2014) . Consistently, our present study showed that 8 h photoperiod enhanced BW and ADG of layer ducks compared with 6 h photoperiod during 85 to 150 d of age, and these benefits disappeared as light increment continued. These findings might be due to that light could increase physical activity of ducks (Blatchford et al., 2009; Schwean-Lardner et al., 2012b) , which promoted feeding activities and growth of bones and muscles (Casey-Trott et al., 2017a,b) , whereas redundant light in poultry production resulted in a linearly decreased mobility and thus a poor productivity (Vermette et al., 2016a,b) . However, numerical increases in BW and ADG were observed in 14 h photoperiod compared with that of 12 h (no significant differences between 14 and 8 h photoperiods), which appeared to be inconsistent with above explanation. In fact, we recorded the feed intake every week and found it increased nearly before age of first egg (data not shown), indicating that the increases in BW and ADG of 14 h photoperiod may be associated with the egg laying activity. These findings are consistent with the report that birds having started to lay possess higher body weight than that of birds not laying at the same age (Brody et al., 1984) . Furthermore, we observed some dermatitis in footpad, and the cases and areas increased with increasing photoperiods from 10 to 14 h (data not shown), indicating the poorer mobility in longer photoperiod when it exceeds 10 h during the pullet phase. Hence, the increases in BW and ADG of 14 h photoperiod could be attributed to the advance and increase in laying, rather than the improvement in poor locomotion. Of note, no significant differences were observed in FCR whereas BW and ADG significantly increased in 8 h photoperiod treatment, which may be attributed to the numerical increase in ADFI and the improvement in feed efficiency. The latter may be attributed to the beneficial effects of appropriate photoperiod on gastrointestinal digestion and absorption (Bubenik, 2002; Sassi et al., 2007; Matsumoto et al., 2008) . Therefore, the same amount of standard laboratory chow expenditure can result in different body mass, in different photoperiod treatments (Bailey et al., 2010) . Based on growth performance, 8L:16D was recommended for layer duck 6, 8, 10, 12, and 14, respectively. a-c Values at the same time point with no common superscripts differ significantly (P < 0.05).
during the pullet phase. To the best of our knowledge, there was no report regarding appropriate photoperiod with relative short light (<10 h) during the pullet phase before. Therefore, this research might have potential benefits in laying poultry production.
The better growth performance might be attributed to the better quality of leg bone, which makes birds prefer mobility and access to the drinker and feeder (Schwean-Lardner et al., 2013) . In this situation, the basic, mechanical, geometric, material, and mineral densitometric properties of tibia and femur were used to systematically evaluate bone development of layer ducks in the current study. It is well known to all that superior bone quality in the whole life of layer birds can be attributed to 2 factors, namely a greater amount of structural bone formation during the pullet phase and less bone loss during the laying period (Whitehead, 2004) . Hence, the greater amount of cortical bone mass can be supposed to be beneficial for the bone development of laying poultry in adolescence, which usually accompany with a stronger bone strength. Consistently, in our results, higher value of ultimate load Fu associated with cortical cross-sectional area A and midpoint perimeter were observed in tibia, which indicated that the enhancement of tibia strength might be attributed to the increase of cortical bone mass (Silversides et al., 2006) . Of note, significantly quadratic response was observed in both tibia and femur midpoint perimeter, indicating mobility capacity firstly increased and then decreased with incremental photoperiods (Regmi et al., 2015; Muszyński et al., 2017) , which may support the above explanation that different photoperiods affected growth performance.
Higher cortical bone formation may be associated with a bigger amount of minerals. In fact, the chemical components of bone can be divided into inorganic minerals and organic matrix. Generally, collagendominated organic matrix provides bone with tensile strength, toughness, elasticity, and structural scaffolds for minerals deposition (Liu et al., 2004) , whereas inorganic matrix provides compressional strength (Ferretti et al., 2001 ). The bone strength properties can be evaluated at 2 levels: the organ level (mechanical properties) and the tissue level (material properties), whereas the mechanical properties can be determined by a combination of the material and geometric properties. In this study, 3 methods were simultaneously adopted to evaluate mineral content in bone, including ash, DEXA, and QCT. Higher values of total Ca in ash, distal BMC, and cortical vBMC of tibia were all observed in 8L:16D treatment. These findings meant higher mineralization level of tibia in 8 h photoperiod, which might be responsible for the enhancement of bone strength (Livak and Schmittgen, 2001; Casey-Trott et al., 2017a) . Of note, no significant differences in Ca concentration were observed in tibia, but the total Ca increased in 8 h photoperiod treatment. Consistently, tibia distal BMC increased significantly in this group whereas mineral density had no differences. These results may be attributed to more mineral content spreading out over a greater volume, resulting in no significant difference in mineral density (Casey-Trott et al., 2017b) . Meanwhile, these findings indicated more bone mass generation in this treatment, which was consistent with the former results, indicating the benefits of 8 h photoperiod on tibia development. Besides, these results also indicated that tibia development was more susceptible to photoperiod than that of femur. Above all, 8L:16D was supposed to an appropriate photoperiod for layer ducks during the pullet phase, because of greater structure bone mass and higher mineralization level, and thus a better bone development.
Keeping increasing in photoperiods might well induce serum reproductive hormones release (Sharp, 1993) , including estradiol and testosterone. Consistent results were observed in our present study that more than 10 h photoperiods increased estradiol and testosterone levels synchronously in serum, compared with 6L:18D. These results might be attributed to 2 aspects: long photoperiod stimulated the hypothalamicpituitary-gonadal axis and promoted estrogen release (Sharp, 1993) ; estrogen could be converted from androgen through the action of aromatase (Zilli et al., 2009) . Besides, more than 10 h photoperiods also increased the relative mRNA expressions of estrogen receptor gene in tibia and femur tissue, indicating estrogen could act directly on bone tissue through combination with its receptor, which was similar with the previous report (Deng et al., 2010) .
Meanwhile, the activity of ALP significantly increased in ≥12 h photoperiods compared with 6L:18D, at the end of 20 wk of age. In fact, ALP can be secreted by osteoblasts, and regarded as an important component of osteoblastic activity and osteogenesis (Hsu et al., 1999) . Hence, increase in the activity of ALP indicated bone tissue underwent more intense osteogenesis (Deng et al., 2010) in ≥ 12 h photoperiods. Besides, higher contents of TGF-β and OC, which can be either beneficial for osteoblasts formation or secreted by them (Komm et al., 1988; Regmi et al., 2017) , were observed simultaneously in ≥ 12 h photoperiods compared with 6 h photoperiod, which might indicate more osteogenesis in bone tissue of these groups again. The increased amount of bone tissue might be speculated as structural or medullary bone. In this situation, the activity of osteoclast was also investigated since the existence of medullary bone could expedite bone remodeling, which might be associated with bone resorption by cells known as osteoclasts (Kim et al., 2007) . Tartrateresistant acid phosphatase is an active component secreted by osteoclasts which help break down bone matrix (Deng et al., 2010) . Tumor necrosis factor-α can not only inhibit osteogenesis through suppression osteoblasts activity, but also promote bone resorption by activation osteoclasts (Azuma et al., 2000) . In the current research, higher activity of trACP and content of TNF-α almost simultaneously occurred in ≥10 h photoperiods, which indicated intense resorption happened in these groups. Hence, the increased bone tissue could be speculated as medullary bone. Of note, the first egg occurred in 14 h photoperiod at 133 d of age, and the first egg of the last replicate occurred in 6 h photoperiod at 150 d of age. The initiation and increase in egg laying are also associated with the formation of medullary bone (Deng et al., 2010) . Besides, higher contents of TGF-β, OC, and TNF-α were observed at the end of 18 wk of age, which indicated that more osteogenesis in long photoperiods began at least from 18 wk of age, and great amount of medullary bone formation could be speculated.
This speculation was testified by the results in our current study that a linear increase was observed in trabecular bone (assumed to correspond to medullary bone; Korver et al., 2004) vBMD and vBMC (tibia and femur) in response to light increment, which indicated that photoperiod increased medullary formation in a linear manner. As is known to all, medullary bone is a woven-type trabecular bone formed in the marrow cavities (Kim et al., 2007) , having a 3-fold higher mineral to collagen ratio than cortical bone (Knott and Bailey, 1999) , easily being resorbed and serving as a special calcium reservoir for metabolism (Dacke et al., 1993) . And it may also contribute to strength (Fleming et al., 1996) , although bone breaking strength is largely depended on the combination of mineral density and size of cortical bone. Hence, the increase in medullary bone may be associated with the increase in bone stiffness, minerals, and strength, and decrease in elasticity and toughness. Consistent results were observed in our study that 14L:10D increased values of ultimate load Fu and total Ca in tibia synchronously, whereas young elasticity modulus E increased, work to fracture Wu and elastic energy Wy decreased linearly with increasing photoperiods. However, there was no change observed in cortical vBMD and vBMC both in tibia and femur of this treatment. Therefore, long photoperiods could increase medullary bone generation, resulting in an increase in bone strength and mineralization, but had no benefits on structural bone development.
In conclusion, appropriate photoperiod could increase BW and ADG of layer ducks during the pullet phase. These benefits might be due to the improvement of cortical bone generation and bone mineralization, and thus a better bone strength. Long photoperiods could also enhance bone strength and mineralization, which might be attributed to medullary bone formation, but had no beneficial effects on structural bone growth and development. These results suggest that 8L:16D could be used as an adequate photoperiod for layer ducks' growth performance and bone development during the pullet phase.
